ENHANCING THE PERFORMANCE OF THE FUNCTIONS RELATED TO
SPECTRUM MANAGEMENT IN COGNITIVE RADIO NETWORKS

SUMMARY

The problems of the spectrum scarcity, as well as the unbalanced and sporadic
usage of the fixed spectrum assignment, have been addressed by a new
communication paradigm, called Cognitive Radio (CR). This key enabling
technology uses dynamic spectrum access techniques in order to achieve an
effective spectrum management paradigm in the licensed bands. In the spectrum
management of CR networks, the vacant spectrum bands of primary users (PUs)
are opportunistically shared by the CR users. Since PUs have priority to utilize
the licensed spectrum, their communication should not be interrupted or
interfered by any other user. Therefore, CR users should intelligently sense and
determine the ongoing PU activities in a licensed spectrum band to avoid
interference with PUs. This concept is also called the spectrum sensing function in
CR spectrum management paradigm. In spectrum sensing, the PU activities need
to be accurately modeled so that CR users can evacuate the band without
affecting PU activities. CR users also need to detect spectrum holes to identify
transmission opportunities so that the spectrum usage is maximized. Moreover,
considering the PU activity, the CR users should decide on the best available
spectrum bands for their transmissions. This is the part of the spectrum decision
function of the spectrum management paradigm in CR networks. It is seen that
the spectrum decision, must be organized carefully by considering the challenges
in the spectrum availability over time, the short term fluctuations in the
availability, and the heterogeneous Quality of Service (QoS) requirements of the
CR users. Since CR users should share the available spectrum bands with other
CR users without causing harmful interference to the PUs, spectrum
management in CR networks should also be designed with effective spectrum
sharing function. To achieve this function, first, CR users should intelligently
monitor and determine the presence of PUs. When CR users managed to detect
the spectrum holes to identify transmission opportunities, they should share the
available spectrum according to their heterogeneous QoS requirements.
Moreover, the assignments of the available spectrum bands should be realized
according to the activities of the PUs in the spectrum as well as the throughput
requirements of the CR users. Besides, another important point in the spectrum
management is that CR users should evacuate the spectrum band when the PU of
that band starts using it again. Therefore, a spectrum mobility function in the
spectrum management is needed in order to organize the spectrum switching
issues of the CR network.



This thesis has contributions related to spectrum sensing, decision and sharing
functions of the spectrum management paradigm. When working on each
contribution, our final aim was to enhance the performance of overall cognitive
radio spectrum management system. Our contributions could be itemized briefly
as below:

* A novel PU activity model based on the first-difference filter clustering and
enhanced with temporal correlation statistics is introduced to analyze and model
the spectrum sensing function in CR networks.

* A QoS aware spectrum decision framework is proposed, in which the available
spectrum and the heterogeneous QoS requirements of CR users are
characterized. This framework is used to model the spectrum decision function
in centralized CR networks.

* In order to use the available spectrum as efficient as possible, a cooperative
and distributed spectrum decision mechanism is proposed, to model the
spectrum decision function in CR ad-hoc networks (CRAHNS).

* A QoS-based spectrum sharing mechanism, where the heterogeneous QoS
requirements of CR users are characterized, is proposed to enhance the
spectrum sharing function.

* A physical layer-data link layer based cross-layer spectrum assignment for
centralized CR networks is proposed to analyze the affects of the cross-layer
approaches in spectrum sharing.

Each proposed scheme for the spectrum management functions is evaluated
with thorough performance analysis and compared with the existing
architectures in the CR network literature.



BILISSEL RADYO AGLARINDA SPEKTRUM YONETIMINE BAGLI
FONKSIYONLARIN BASARIMININ ARTTIRILMASI

OZET

Giinlimiizde kablosuz ag tasarlanirken, resmi birimler tarafindan diizenlenen ve
kontrol edilen sabit spektrum lisans dagitim sézlesmeleri dikkate alinir. Bu
daZitilan spektrumun biiyik bir kismi diizensiz bir sekilde kullanildigindan
spektrum bantlar: verimsiz kullanilmaktadir. Yetkili kurumlar tarafindan statik
olarak dagitilmis olan spektrumun kullammini dinamik hale getirerek
kullammdaki verimsizligin giderilmesi amaglanmaktadir. Bu baglamda, Biligsel
Radyo adi verilen teknoloji ile, kablosuz kullamcilara degisik frekanslarda
dinamik olarak ¢alisma olanagl tanmmaktadir. Bilissel radyolar dinamik
spektrum erisim teknikleri ile bu sorunlar1 ¢ézmek igin énerilmis bir teknolojidir.
Bu teknoloji temeliyle olusturulan aglara Biligsel Radyo Aglart denmekte, bu agin
kullanicilarma, seyrek kullanilan lisansh frekanslar arasinda gegis yaptirilarak,
iletisim olanag verilmektedir. Biligsel Radyo Aglarinda olusturulan spektrum
yonetimi, spektrumu kullanma hakkina sahip birincil kullanicilara engel olmadan,
elverisli spektrum bandlarinin bulunmas ve bunun ikincil kullanicilar arasinda
paylastirimas) olarak tammlanabilir. Bilissel ag kullanicisina saglanan bu
dinamik 6zellik, frekansin lisansh gergek kullamicisiyla girisim yapmamasl
kosuluyla verilmektir. Boylece biligsel radyo ag kullamicilari, lisansh
kullamallarin sahip oldugu frekansi seyrek kullanmasindan faydalanarak, o
frekansta iletisime gegmektedir. Lisansh kullanicimin sahip olugu bu frekansa
geri doénmesi halinde, biligsel kullanicilar frekansi bosaltmakla ve lisansh
kullaniciyla girisime gegmemekle yiikiimliidiirler. Buradaki elverisli spektrum
bandlar, degisik spektrum sezme teknikleriyle belirlenir. Elverisli spektrum
sadece hattin zaman degisim karakteristiklerinden degil, birincil kullamcilarin
spektrumu kullanma aktivitelerine gore degisiklik gosterir. Ikincil kullanicilar
(Biligsel ag kullamcilar) igin elverisli spektruma erigim teknikleri, biligsel
radyonun en uygun spektrum bandim segmesine olanak saglamaktadir. Bunun
yapilabilmesi icin gergeklestirilen fonksiyonlardan biri Spektrum Sezme'dir.
Burada, kullanilmayan spektrum bandlarinin saptanabilmesi ve bu bandlarn,
birincil kullanicilarin iletisimine engel olabilecek ¢akismalara sebep olmadan
ikincil kullamcilarla paylasilabilmesi esas alimir. Bir diger fonksiyon, Spektruma
Karar Verme'dir. Bu fonksiyon, bilissel ag kullamicilar: tarafindan sezilen birden
fazla spektrum boslugu varsa bunlardan en uygun olaninin biligsel ag
kullamalarmin istedigi servis kalitesine gore kullamimina karar verilmesidir. Bir
diger temel fonksiyon olan Spektrum Paylasma, birincil kullanicilarin iletisimini
etkilemeden ayn spektrum bandim kullanan ikincil kulllanicilar arasinda hem
adil hem de yliksek debili bir paylasim saglanabilmesidir. Tanimlabilecek baska
bir islev olan Spektrum Hareketliligi islevi, ikincil kullanicilarin spektrumun
gercek sahibi geldiginde spektrumunu degistirebilmesidir.



Biligsel aglarda spektrum yénetimini olusturan spektrum sezme, spektruma
karar verme ve spektrum paylasimi islevlerinde g¢éziilmesi ve iyilestirilmesi
gereken birgok sorun bulunmaktadir. Bu baglamda, bu tezde, bu i fonksiyon
ayri ayr1 incelenmektetir:

* Spektrum sezilme fonksiyonu sirasindaki etkinligi arttirmak amaciyla yeni bir
birincil kullanict modellemesi ihtiyact olusturulmustur. Tasarlanan yeni
modelde, birincil kullanic1 aktivitelerinin kisa siireli salinimlarinin sezilmesi ve
modellenmesi bir kiimeleme algoritmas tasarlanarak gergeklestirilmis, elverisli
spektrum bosluklarinin matematiksel olarak modellenmesi ise, aktivite datasinin
korelasyon bagintisi kullanilarak hesaplanmistir.

« ikincil kullamcilar icin bir spectruma kara verme yapist modellenmis, bu
modelde hem birincil kullanici aktivitelerinin kisa zamanh degisimleri, hem de
ikincil kullanicilarin servis kalite istekleri goz éniine alinmustir. :

* Biligsel tasarsiz aglar icin, agdaki diger biligsel kullanicilarin bilgilerinin de
kullanildig1 miisterek ve dagitik bir spektruma karar verme yapisi tasarlanmistir.

o Ikincil kullanicllarin servis istekleri ve birincil kullanicilarinin kisa zamanl
spektrum kullanimindaki degisimler dikkate alinarak bir spektrum paylasim
yapisi tasarlanmis ve modellenmistir.

» Hem birinci (fiziksel) hem de ikinci (veri bag) katmanlarindaki bilgiler
modellenerek bir ¢apraz katman yapisi olusturulmustur.

Tezde tasarlanan tiim modeller genis bir basarim incelemesiyle, literatiirdeki
glincel biligsel ag ¢alismalariyla karsilastirilmigtir.



